INTRODUCTION
Chondritic components such as chondrules and CAIs can provide information about protoplanetary disk environments prior to accretion of their asteroidal parent bodies. Chondrules are spherical or sub-spherical objects typically less than 1 cm in size, composed mainly of silicates, that formed by a flash-heating process. Calcium-aluminium-rich inclusions (CAIs) are spherical to irregular shaped pale coloured objects up to a few cm in size, that are enriched in refractory elements such as Ca, Al and Ti. Their abundance is highly variable between chondrite groups but ranges up to 3% (Hezel et al., 2009) . They typically have thin rims ("Wark-Lovering rims") of spinel, pyroxene, ± anorthite ± hibonite ± olivine which probably formed soon after formation of the CAI at high tem- Greenwood et al., 2016) .
The relationship between chondrules and CAIs has been considered by several authors (e.g., Russell et al., 2005) . While the chondrule-forming process was apparently widespread in the meteorite parent body regions, there is scant evidence for CAIs being involved at the same time as chondrules were forming. CAIs are occasionally found within chondrules (e.g., Krot and Keil, 2002) . Chondrules found within CAIs are rarer and most appear to have stuck to a partly molten CAI mantle . A rare object found by Itoh and Yurimoto (2003) is a possible exception as it appears to contain a chondrule enclosed by a CAI that was not added later.
We report here on the mineralogy, petrology, rare earth element (REE) abundances, oxygen isotopes and silicon isotopes of an unusual Ca,Al-rich compound chondrule from the Allende meteorite in order to learn more about the relationship between these two types of objects. Preliminary results were published in .
TECHNIQUES
The sample was hand-picked from the Allende meteorite and a portion of it dissolved for high precision Si isotope measurements. The remainder was mounted and polished into a 1 inch polished block and carbon coated for mineralogical, petrological, geochemical and oxygen isotope studies.
Mineralogy and petrology were performed by scanning electron microscopy (SEM) using the Carl Zeiss Evo SEM. The operating conditions accelerating voltage used were 20 kV, 3 nA with a working distance of 8.5 mm. Approximate modal mineralogies were obtained by point counting approximately 100 points on each lithology.
Mineral chemistries were determined using a Cameca SX100 electron microprobe. Operating conditions were 20 kV, 20 nA with a spot size of 1 mm. X-ray maps were acquired using the FEI Quanta 200 3D at the Open University. An electron beam with an acceleration voltage of 20 kV and an intensity of 0.60 nA was used to acquire these maps. Five scans for each frame were acquired with a beam dwelling time of 110 ms/px.
Oxygen isotopes were determined using a Cameca NanoSIMS 50L at the Open University. Samples were presputtered prior to analyses with a 60 pA primary Cs + probe over a 7 ¥ 7 mm 2 area for ª180 s. Analyses were performed with the same probe, rastered over a 5 ¥ 5 mm 2 area and lasted a further 325 s. The instrument was set up with a mass resolving power >9000 (Cameca definition for NanoSIMS), with charge compensation provided by the electron gun. -2 , firing at 10 Hz with a beam diameter of 45 mm. Ablation took place in a small volume cell using a He gas flow for sample transport. The National Institute of Standards and Technology reference material NIST 612 was used for external calibration. Ca was used for internal standardization. The United States Geological Survey reference material USGS BCR-2G was analysed as an accuracy check. Data were collected over 90s using a time resolved technique and processed offline.
The silicon isotopic composition of the chondrule was analysed using the method from Georg et al. (2006) previously described for bulk meteorites (Armytage et al., 2011) and lunar rocks (Armytage et al., 2012a) . Approximately ~1.5 mg of the chondrule was combined with a NaOH flux in a silver crucible to dissolve the sample. After transferring the fusion cake into a weakly acidic solution, Si was separated from the other cations using a 1.8 ml BioRAD DOWEX 50W-X12 (200-400 mesh) cation exchange resin column. The Si isotope compositions of the chondrule was analysed on a Nu Plasma (Nu Instruments, Wrexham, UK) multi-collector inductivelycoupled-plasma mass spectrometer (MC-ICP-MS) at the Department of Earth Sciences, University of Oxford, in medium resolution mode. To correct for instrumental mass drift, sample-standard bracketing was used with the international Si standard NBS-28 as the bracketing standard. The accuracy of the measurements in each run was checked using various calibrated standards such as Diatomite and BHVO-2. The sample was run in multiple analytical sessions, and the reported data represent an average of the d Abraham et al. (2008) .
PETROLOGY AND MINERALOGY
The approximate size of the chondrule fragment mounted is 1.4 ¥ 0.7 mm 2 . The chondrule has three texturally distinct regions: a Ca,Al-rich porphyritic region ("Ca-Al-rich"); a portion characterised by radially extending crystals ("Radial"); and porphyritic olivine-rich circular objects ("PO"). A false colour element map of the entire object is shown in Fig. 1 . Typical electron probe measurements for the major phases are given in Table 1 .
The Ca,Al-rich region is composed of anorthite laths up to 100 microns long (An 90 ). Interstitial to the laths are diopside crystals. The most abundant phase is blocky spinels that are found throughout this portion. Rarer olivine crystals are also present, some of which have partially reacted to form a coat of diopside. The approximate mineralogy of this region is: Olivine 23%; plagioclase 30%, spinel 33%, diopside 14%.
The Ca,Al-rich porphyritic region grades into a portion with a "radial" texture comprised of skeletal diopside laths (Fig. 2) . The diopside is rich in Al 2 O 3 (~5%) and TiO 2 (~4%). The laths are surrounded by Ca-rich feldspar (An 90 ) that has been extensively altered to nepheline, especially around the edges of the grains. This part of the object contains olivine grains up to 40 microns across. Some of the olivines have rounded shapes and some look very corroded, with irregular outlines. Olivine sometimes has an overgrowth of Al-rich diopside. Their composition is unequilibrated, with measured values within this part of the object ranging from Fo 83 to Fo 93 . Spinel is typically blocky and between 5-10 microns in size. The outer edges of the spinel grains are enriched in iron. FeO contents in spinel were recorded up to 19 wt% and contained significant chromium; Cr 2 O 3 contents ranged up to ~2%. The calculated mineralogy of this region is: olivine 19%, plagioclase 41%, spinel 6.5%, diopside 33.5%.
Embedded within the radial lithology are rounded regions comprised mainly of a dense mass of blocky forsteritic olivine crystals, surrounded by a feldspathic mesostasis. These olivine-rich spherules contain irregular-shaped patches of opaque minerals. These are all very Ni-rich and consist of awaruite and pentlandite. These minerals are not uncommon in both CAIs and chondrules in Allende (e.g., Rubin, 1991) . Blocky spinels are also found in this portion of the object. These regions are similar to common type I chondrules in Allende, however the presence of spinel is unusual. The approximate mineral- ogy of this region is olivine 68%, plagioclase 7%, spinel 18%, diopside 7%. The object available for study is clearly a fragment, with no rim or outer edge apparent.
RARE EARTH ELEMENTS
Rare Earth element abundances were measured on the Ca,Al-rich region, barred, and chondrule-like portions of the objects. The data are reported in Table 2 and shown in Fig. 3 . The Ca,Al-rich portions have a rather flat REE pattern, with abundances 5-10 ¥ CI, with a negative anomaly at Yb. Europium abundances in this portion either have no anomaly or a slight positive anomaly. The radial portion of the object has on average higher REE abundances, 5-15 ¥ CI, with pronounced negative anomalies at Eu and Yb (i.e., a Group III pattern, Mason and Taylor, 1982) . The chondrule portions have the lowest REE abundances, at around 1-2 ¥ CI. Two analyses of the chondrules have more elevated REE abundances similar to the levels of the Ca,Al-rich portions and the same negative anomalies at Eu and Yb.
OXYGEN ISOTOPES
Oxygen isotopes were measured for spinel in the Ca,Al-rich region and also for olivine in all the regions of the object. The results are reported in Table 3 and shown in Fig. 4 . All errors are 2s. The data form an array that lies between the CCAM line (Clayton et al., 1983) and the Young and Russell line (Young and Russell, 1998) . The best fit line is y = 0.97x -2.62; compatible with the Primitive Chondrule Minerals line (PCM, Ushikubo et al., 2012) and close to the newly reported Allende Chondrule Line (Greenwood et al., 2016) ; Fig. 4 .
Olivine in the porphyritic chondrule portion has an average D 17 O of -3.4 ± 0.9‰, and a range of -2.1 ± 2.0 to -4.6 ± 2.0‰. In the radial portion the mean D 17 O is -3.0 ± 0.4‰, with a narrower range (-2.7 ± 1.9 to -3.5 ± 1.9‰). Olivine in the Ca,Al-rich region has a mean D 17 O of -2.5 ± 0.71‰ (Fig. 4) 
DISCUSSION

Classification of Allende 04d
Allende 04d is a complex object containing distinct lithologies. The Ca,Al-rich portion has abulk mineralogy reminiscent of a Type C CAI, but it contains abundant olivine, is melilite-free and overall has a bulk composition that is lower in aluminium and calcium and higher in magnesium than CAIs. It has a texture similar to "olivine phyric" Al-rich chondrules and falls within the (Fig. 5) . Therefore it is more accurately characterized as an Al-rich chondrule. The "radial" portion has mineralogical similarities with the Ca,Al-rich area and probably a similar origin, especially since the boundary between the regions is gradual rather than sharp. The Ca,Al-rich and radial regions have similar compositions but differ in that the radial region is more SiO 2 rich and so could have formed from the Ca,Al-rich region by high temperature interaction with SiO in the nebular gas (e.g., Libourel et al., 2006) . This radial portion is similar to plagioclase phyric Al-rich chondrules (e.g., Huss et al., 2001) . In contrast, the olivine rich spherules embedded in the object have the mineralogy and shape of ferromagnesian chondrules, although spinel is a rare phase in IA and IAB chondrules. Its composition fits within the field for CV3 chondrules (Fig. 5 ). These objects were probably formed from dustballs from chondrule and CAI precursors that were embedded within the Ca,Al-rich material while it was molten. Therefore, this is a complex object that is a hybrid of Al-rich chondrule with regions of ferromagnesian chondrule.
Formation of Allende 04d
The high abundance of Ca, Al, and Ti in some parts of the chondrule and abundant spinel is suggestive of it having some CAI material as a precursor. This is also compatible with the elevated levels of REEs (5 to 15 ¥ CI) and negative Yb and Eu anomalies. CAIs typically contain elevated levels of REE (10 to 100 ¥ CI) whereas chondrules typically have much lower levels of 0.5-2 ¥ CI (Ash et al., 2003) . Moreover, while the abundance of Eu can vary either due to igneous element partitioning or MacPherson and Huss (2005) . The diagram is adapted from figure 9 in this paper.
melilite (e.g., Krot et al., 2007) . However Type C CAIs have been shown to have formed themselves from Type A or Type B precursors that experienced remelting in a chondrule forming environment The original object could therefore have been any CAI, although the REE pattern suggests that it was a compact igneous CAI rather than fine grained one that typically exhibits Type II patterns. This CAI precursor was then partly remelted, probably during chondrule forming events, and this produced a more SiO 2 rich bulk composition within the Al-rich porphyritic and radial texture as new pyroxene and anorthite laths recrystallized on interaction with gaseous silica. The significant interaction with nebular processing, Yb anomalies are typically a sign of condensation/evaporation reactions, as Yb is volatile under reducing conditions. Thus the Yb anomalies observed suggest that formation by condensation of solids from a reducing hot nebular gas.
We conclude that Allende 04d formed from a CAI precursor. This is likely to have been an igneous CAI as ones with condensate textures are more likely to have complex Group II or related REE patterns (Mason and Taylor, 1982) . The Ca,Al-rich lithology of the chondrule is most similar to Type C CAIs; an igneous CAI type that has a bulk composition close to anorthite and predominant minerals of anorthite, spinel and diopside, with little or no nebular silica may explain the isotopically light Si isotopes, which could reflect a nebular gas signature (e.g., Harju et al., 2014) . Previous work on CAIs from the CV3 meteorites Mokoia and Grosnaja (Hezel et al., 2009 ) has identified two fine-grained (and rather altered) CAIs with light d
30 Si compositions of -1.16 ± 0.08‰ and -1.32 ± 0.11‰, though the majority of CAIs measured to date have much heavier (0-8‰) d 30 Si compositions (e.g., Clayton et al., 1988) . As the silicon isotopic composition of half of Allende 04d that was crushed for analysis likely reflects a mixture of the three lithologies, its lighter value, relative to the other Allende chondrules, could also be due in part to the CAI precursor. However, from the REE patterns we infer that the original CAI was unlikely to be a fine-grained CAI. Therefore interaction with a nebular gas that was light with respect to Si isotopes is a more likely mechanism for creating the light Si isotopes observed.
During the melting event, the object came into contact with Type 1 chondrules which were absorbed into the molten Ca,Al-rich melt and raised the bulk magnesium abundance of the object as well as incorporating essentially whole ferromagnesian chondrules into the compound chondrule. The elevated REEs of some portions of the chondrule lithology suggests that some Ca, Al rich material mixed in with it during melting, but lower levels in parts of the chondrule demonstrates that the mixing was not complete.
Once accreted into the Allende parent body, the object may have experienced further changes. On 04d the evidence of mineralogical alteration, such as Fe-Na metasomatism that affects many Ca,Al-rich objects in CV chondrites (Krot et al., 1995) is minor, but nepheline formation from plagioclase has occurred suggesting that some Na has been incorporated into the object. In addition the spinels have interacted with matrix Fe to become more Fe-rich.
Implications for evolution of oxygen isotopes in the early solar system
CAIs typically contain 16 O-enriched compositions compared to chondrules (e.g., Clayton et al., 1983) . The diffusion rate of oxygen in spinel is low (McKeegan and Ryerson, 1990 ) and the isotopic variability in Allende 04d to values as low as D 17 O = -12‰ recorded for spinel would suggest that the original Ca,Al-rich object was also 16 O-enriched. However the spinel is heavier than expected for CAIs, suggesting it remelted in a chondrule melt. During this process, Cr was also added to the spinel as the expected Cr abundance of CAIs is low. The currently observed 04d is distinct from CAIs in bulk element abundances. It is more silica-rich than CAIs, and in particular the radial part of the lithology has a more SiO 2 rich composition than the porphyritic Ca,Al-rich portion. Exchange with a SiO-rich hot gas could explain both the increasing silica abundance and the oxygen isotope variation, as suggested for ferromagnesian chondrules (Marrochi and Chaussidon, 2015) . The object may have experienced this exchange as well as chemical exchange that took place by reaction between partly melted ferromagnesian chondrules and Ca,Al-rich chondrule. Olivine, which is homogeneous in composition in the Ca,Al-rich lithology, may have equilibrated with the gas at D 17 O = -2.5 ± 0.7‰. The ferromagnesian chondrule formed with olivine containing a D 17 O = -3.4 ± 0.9‰. With respect to d 18 O, olivine in the Ca,Al-rich region (average d 18 O = +1.9 ± 1.4‰) is clearly distinct from the chondrule region (average d
18 O = -2.7 ± 1.2‰). Therefore the Ca,Al-rich lithology olivine is isotopically heavier than the ferromagnesian olivine. That in turn would suggest that the oxygen isotope exchange of the Ca,Al-rich lithology must have occurred in the nebula, before the event that caused the Ca,Al-rich material and ferromagnesian material to melt together and become conjoined. Bodenan et al. (2014) have shown that rims of Type A CAIs from Allende have been partly equilibrated with matrix during parent body alteration. This effect is more subtle in chondrules, which have an oxygen isotope composition more similar to bulk Allende. The heterogeneity of oxygen in olivine in petrographically distinct portions of chondrule 04d demonstrates that the oxygen isotopic composition of olivine is not controlled by parent body alteration. If the oxygen exchange was a parent body process, then an expected outcome would be that the olivine composition would be the same in all parts of the object. Our data suggest that there were separate chondrule-forming reservoirs with distinct oxygen isotope compositions, pointing to this object being formed from several discrete precursors. An in situ oxygen isotope ion probe study of the Allende meteorite confirms the existence of separate reservoirs (Rudraswami et al., 2011) . This study reported that most chondrules are internally homogeneous and that FeO poor chondrules show two peaks in composition at D 17 O = -5‰ and -2‰. This value may have been the most common oxygen isotope reservoir in the chondrule forming region, and was also sampled by the Ca,Al-rich portion of 04d. The D 17 O of the ferromagnesian portion contains olivine with an average D 17 O of (-3.36 ± 0.88)‰. This is significantly albeit only slightly lighter than the reservoir defined by Rudraswami et al. (2011) and so may represent a new reservoir or a mixture of the two known reservoirs. We conclude that solid material in the region in which Allende chondrules formed contained a diversity of oxygen isotope compositions.
Relationship between chondrules and CAIs
While there are several reported incidences of relict CAIs observed within chondrules (e.g., Misawa and Fujita, 1994) , the reverse, chondrules embedded with CAI material, is much rarer (Itoh and Yurimoto (2003) and Krot et al. (2005) describe rare exceptions). This has been used as petrological evidence that the CAI forming event occurred prior to chondrule formation. Allende 04d seems in contravention of this general rule, the chondrule is found within the Ca,Al-rich material, suggesting, from basic petrological principles that the chondrules formed first. However, the Ca,Al-rich material may have formed first, but then melted (perhaps during a heating event that formed chondrules) and the chondrules became incorporated into the melt at this point. The presence of spinel in the PO lithology is unusual and suggests that there may have been CAI-like material available when the chondrule formed. The object likely formed from a diverse mixture of CAI and chondrule like precursors, which patyly melted together in the presence of a SiO rich nebular gas, to produce the complex 04d.
Of the several compound CAI-chondrule objects so far reported, all of the original CAIs seem to have a composition with a bulk composition approximately matching that of Type C CAIs or spinel-rich inclusions, with a mineralogy typically composed of anorthite, diopside and spinel (e.g., Russell et al., 2005) . The Ca,Al-rich portion of Allende 04d also has this mineralogy, albeit with the addition of olivine. This is a problem that referred to as the "Puzzle of the Missing Melilite"-no CAI-chondrule compound objects have yet been identified that contain melilite, although this is a common mineral in CV3 CAIs. While some CAIs were apparently present in the chondrule forming region, this seems limited to a specific CAI type. Since chondrite accretion is thought to have occurred very soon after chondrule formation (Alexander et al., 2008) , then one might expect that all the components of chondrites should be present during chondrule melting. However, during melting in chondrule forming environments, Type A and Type B CAIs will tend towards plagioclase-rich Type C compositions. Therefore if significant melting has taken place then Type C CAIs would be the expected outcome after chondrule formation.
The rarity of Type C CAIs and of CAI-chondrule compound objects, suggests that the majority of the CAI population may have been mixed in to the CV3 parent body during an event that postdated the original accretion. This might explain their very different abundances between meteorite groups. This has been also suggested as an explanation for how delicate, fine grained condensate textures observed in many CAIs survived the chondrule forming process (Russell and Howard, 2013) .
SUMMARY AND IMPLICATIONS
Allende 04d is a compound object composed of a Ca,Al-rich portion and a ferromagnesian portion. The Ca,Al-rich portion was probably initially an igneous CAI, but it has been chemically changed to a more Mg, Si-rich composition, perhaps during chondrule formation. This object highlights the links between chondrules and CAIs and confirms previous observations that CAIs may have been present in the chondrule forming region as previously suggested . This has implications for the oxygen isotope evolution of chondrules, and perhaps also for bulk Al-Mg isotope measurements; relict CAIs within chondrules can potentially skew initial 26 Al/ 27 Al towards the higher values commonly observed in CAIs, even if the host chondrule formed from a reservoir with lower 26 Al/ 27 Al. The rarity of objects such as this also suggests that CAIs were not commonly present during chondrule formation. This could have been because the chondrule forming event was very localized, however since chondrules are so abundant in most chondrites a more plausible explanation may be that most CAIs were scattered into the chondrite forming region after chondrule forming events occurred, either in the nebula postchondrule formation or perhaps even after initial accretion. The amount of data for compound objects in CV chondrites in the literature is currently rather poor compared to other meteorite groups (e.g., CH chondrites: Krot et al., 2015) . A large survey of compound objects in CV3 meteorites is required to test this idea.
